have begun to look toward more fundamental theories of cardiac contraction to explain whole heart function.
The goal of the present study was first to explore, on a theoretical level, the degree of complexity required in a biochemical model necessary to adequately explain both equilibrium and twitch contraction behavior of cardiac muscle. Central to this analysis was a critical examination of the evidence for and against the importance of a calcium-free, force-generating state. Next, we determined whether such theories can actually account for the interrelationships between the experimentally measured time courses of pressure generation and the calcium transient measured from intact ventricles during both normal twitches as well as during complex contraction sequences. The results of this analysis provide strong support for a four-state model, including the calcium-free, force-generating state. These results will help guide the continuing quest for a mechanistic theory of ventricular function.
aequorin; ventricular mechanics; cross-bridge kinetics; excitation-contraction coupling THEMYOCARDIUMCONTRACTS rhythmicallyinresponseto cyclic release and sequestration of calcium. Although the mechanistic link between variations in intracellular calcium and its effects on myofilament regulatory proteins and subsequent impact on muscle force production have been known for some time (16), experimental characterization of cardiac contractile properties have largely been confined to phenomenological descriptions of the relationship between either muscle length and force (30) or ventricular pressure and volume (28, 29) . However, as recognition of the limitations of these theories grows, investigators (7, 9, 17, 20, 23, 34) have begun to look toward more fundamental theories of cardiac contraction to explain whole heart function.
The focus of previous efforts in this realm (7, 17, 20, 23 ) has been to test the feasibility of various models of calcium-cross-bridge interactions by demonstrating that such theories can reproduce a plethora of contractile and metabolic phenomena observed in previous experiments on cardiac tissues and in the intact heart. For the most part, these studies have focused on the ability to explain either the equilibrium stress-strain-calcium interrelationships (i.e., during states of steady activation) or the dynamic aspects of these interrelationships such as would pertain during normal twitch conditions. However, there has been relatively little direct experimental validation that these theories can, in fact, be used to explain contractile behavior on a quantitative basis in either intact muscle or the whole heart.
Common to many of the theories being investigated is an underlying four-state model of cross-bridge interactions with calcium (5, 7, 13, 27, 34) . These theories, which have seven or more adjustable rate constants, have a large number of degrees of freedom, which increases the chances that they can explain observed phenomena without necessarily relating to events occurring on the cellular level. It is, therefore, pertinent to ask whether simpler models with fewer degrees of freedom are sufficient to explain the phenomenology of cardiac contraction. The relevance of this question is highlighted by the fact that the dynamics of skeletal muscle contraction are well described by a simpler three-state model (31) .
The goal of the present study was twofold. First, we explored, on a theoretical level, the degree of complexity required in a biochemical model necessary to adequately explain both equilibrium and twitch contraction behavior of cardiac muscle. Central to this analysis was a critical examination of the evidence for and against the importance of a calcium-free, force-generating state (27, 34) . Next, we determined whether such theories can actually account for the interrelationships between the time courses of pressure generation and the calcium transient measured from intact ventricles . during both normal twitches as well as during complex contraction sequences. The results of this analysis provide strong support for the four-state model and, accordingly, will help guide ongoing efforts to develop a mechanistic theory of ventricular contraction.
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Theoretical Considerations
The first part of the present study is a theoretical investigation of whether a four-state model of cross-bridge and calcium interactions is required to explain cardiac muscle mechanics under equilibrium and twitch conditions or whether simpler models are sufficient. To accomplish this, we examined the behavior of four biochemical schemes based on the model topology depicted in Fig. 1 . The most general model was a four-state model (which includes all elements in Fig. I ) with seven rate constants and a simpler three-state model (excluding elements in the gray area) with only four rate constants. In addition to examining the behavior of these two models with static rate constants, cooperativity was introduced into each model by making rate-constant values a function of product concentrations as detailed further below. For all models, actin-myosin binding was considered to exist in two forms (13): a weak, nonforce-generating bond (Fig. 1, -) and a strong, force-generating bond ( Fig. 1, -) . The physiological difference between the two models is that, in the four-state model, calcium can become dissociated from troponin (Tn) C with persistence of the strong actin-myosin bond (state 4), whereas in the three-state model, the strong bond (and therefore force production) can exist only in the presence of bound calcium. A major physiological question is how and the degree to which state 4 contributes to the physiology of cardiac muscle contraction.
The importance of addressing the relevance ofstate 4 is highlighted by the fact that, for skeletal muscle, a similar analysis revealed that the simpler threestate model was able to predict the time course of force production from a measured calcium transient just as well as the four-state model, suggesting that state 4 may not be important for skeletal muscle physiology (31). In contrast, it has been argued along several lines that the four-state model is required to explain several aspects of cardiac muscle physiology (detailed further below).
The set of differential equations describing each model is summarized in the APPENDIX. These were programmed on a digital computer for numerical solution as described in detail previously (7). The total concentrations of actin and myosin were set at previously established values (70 and 20 PM, respectively) (27). The output of the model was the instantaneous isometric muscle force or isovolumic pressure, both of which were assumed to be proportional to the concentration of strong actin-myosin (Fig. 2) . Values for the rate constants of each model were set to provide a good fit to both experimentally measured steady-state force-calcium curves and the force curve measured during the prototypical twitch; these values were in good agreement with those used by other investigators and in previous studies (7, 27 
where t is time, a and P are adjustable constants, and y1 and ya are constants set at 0. 5 and 2.0, respectively, after sequential simulations showed that these-values-provided-Hill coefficients ranging between 2 and 6 while also maintaining the ability to closely fit experimentally obtained force tracings. We next determined values of CY and p that yielded Hill coefficients of -2, 4, and 6 [while maintaining calcium for half-maximal activation (J&o) constant], and, finally, we assessed the impact of cooperativity on the force waveform during twitches.
In the second portion of the study, calcium transients and isovolumic pressure transients were measured from isolated isovolumically contracting rat and ferret hearts. The purpose of these studies was to determine whether the three-or four-state models could be used to predict the pressure waveforms from simultaneously measured calcium transients. Data were collected during normal regularly timed contractions, spontaneously occurring trains of irregularly timed contractions, and the onset of rapid pacing-induced tetanic contractions after ryanodine administration. As described above, the differential equations of the three-and four-state models with and without cooperativity were solved numerically with Newton's method with the measured calcium transients as the driving function and predicted isometric force (or pressure) as the output. The rate constants of the models were adjusted to provide the best possible fit between measured and predicted pressure waves with an algorithm described in detailed below. Because, for isovolumic contractions, instantaneous left ventricular (LV) pressure (LVP) is proportional to instantaneous mean circumferential muscle stress (12, 15) and, in the models, muscle stress is proportional to the number of strong actin-myosin bonds, measured and predicted pressure curves were normalized to a magnitude of 1 to obviate the necessity of dealing with several proportion .ali ty constants related simply to fixed values of muscle mass, chamber geometry, and muscle architecture. 
where T is the duration over which the integration is performed. D RMs values obtained with the three-and four-state models with and without cooperativity were compared, and the information was used in assessing superiority of one model over another.
Experimental Procedures
Langendorffpreparation.
In each experiment, a male Wistar rat (350-450 g body weight) or an 8-to l4-wk-old ferret (1.2-to 1.4-kg body weight) was heparinized (1,000 U ip) and then anesthetized with ketamine (100 mg/kg ip) and xylazine (I mg ip). A bilateral sternotomy was performed, and the heart was rapidly excised and immediately submerged in oxygenated, warmed, modified 'I&rode solution (34°C composition provided below). The severed end of the aorta was fed over a 16-gauge needle that was connected to a modified Langendorff perfusion system, and perfusate flow was adjusted to provide a perfusion pressure of -70-80 mmHg. The left atrium was opened. Alatex balloon attached to the end of stiff polyethylene tubing, with fenestrations on the distal 2-3 mm of its tip, was inserted into the LV and held in place by a 2-O silk purse-string suture placed around the mitral annulus. The balloon and tubing were filled with water and connected to a Statham pressure transducer for measurement of LVP. Balloon volume could then be varied with a calibrated 2-ml syringe. Two pacing electrodes were positioned in the right ventricular outflow tract and the right atrium. The perfusion system consisted of a warmed storage vat for perfusate solutions, an adjustable speed rotary pump (Masterflex), and a Pyrex condenser. The vat and condenser were warmed by a constant-temperature circulator set to heat the solutions to 34°C. The perfusate was composed of (in mmol/l) 15 glucose, 140 NaCl, 5 KCl, 0.9 MgC12, 2.0 CaC12, and 6 N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES). Ferret hearts were exposed to ryanodine (3 mM for 20-30 min), and the CaC12 concentration was increased to between 5 and 10 mM to achieve tetanic contractions with high-pressure generation (25, 32). The pH was adjusted to 7.40 and equilibrated with 100% 02. The perfusate was not recirculated.
After attachment of the heart to the modified Langendorff perfusion system, ventricular volume was adjusted to provide an end-diastolic pressure of -10 mmHg, and the hearts were allowed to stabilize for at least 20 min; the end of the stabilization period was defined as the time when peak LVP and coronary perfusion pressure attained stable levels.
Aequorin macroinjection, signal recording, and calibration of aequorin Light signals. Techniques for measuring calcium transients from the epicardial surface of crystalloid-perfused hearts were similar to those described previously (3, 22, 32 ). An aequorin solution (1 mg/ml of aequorin, 154 mmo15 of NaCl, 5.4 mmol/l of KCl, 1 mmol/l of MgC12, 12 mmol/l of HEPES, 11 mmol/l of glucose, and 0.1 mmol/l of EDTA, adjusted to pH 7.40) was prepared. After stabilization, 3-5 ~1 of this solution were injected just under the epimysium in the inferoapical region with a low-resistance glass micropipette with an inner diameter of -30 pm.
To record the aequorin luminescence, the heart and a portion of the perfusion apparatus was placed inside a lighttight box (Gary Harrar Associates, Rochester, MN) that is identical in design to that originally used for aequorin experiments on papillary muscles (4) and described in detail previously (22) . The heart was positioned within a specially designed glass organ bath with a concavity at its base; the inferoapical region of the heart (the aequorin injection site) was placed in contact with this base so that the aequorin luminescence was emitted through the bottom of the bath.
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The bottom of the organ bath was, in turn, positioned at the focal point of an ellipsoidal light collector, which directed the light to the surface of a photo multiplier tube (9235QA, Thorn EMI, Fairfield, NJ). The photo multiplier was energized by a power supply (PM28R, Thorn EMI) with the voltage adjusted to provide an optimal signal-to-noise ratio (900 V). The aequorin light signal was recorded as anodal current, with zero set as the mean dark current.
Initial filtering was performed on-line with an analog filter with a corner frequency of 100 Hz.
The method of calibrating the light signal into an absolute concentration of intracellular calcium ([Ca2+] i) was the same as that used in papillary muscles and described previously (22) . At the end of the experiment, the heart was perfused with a 50 mmol/l calcium-5%
Triton X-100 solution that lysed the cells and exposed the remaining aequorin to high amounts of calcium (3). Luminescence signals to be converted to calcium signals (L,) were normalized by the total light emission (L,,,), which was estimated as the integral of the aequorin signal collected during the lysis procedure multiplied by the rate constant for aequorin consumption (2.11/s) (22). The instantaneous E/L,,, was then converted to timevarying [Ca2+]i according to the following equation
where Kr (4.5 X 1OYM) and & (130) The first test performed in the present study was to determine whether deletion of the calcium-free, forcegenerating state (i.e., the fourth state) impacted on the ability to predict force. The results are shown in Fig. 2 . Figure 2A shows the calcium transient and the simultaneously measured isometric force obtained from the literature (34). Figure 2L3 shows the best fits provided by the three-state and four-state models; no cooperativity was introduced into either model at this point. As shown, both models provide reasonably good fits in this example, but significant differences are present. The main difference between the two models is during relaxation where the four-state model is better able to simulate the curve than the three-state model, which relaxes significantly slower. This difference in fit between the two models is also revealed in the DRMs values, which were lower for the four-state than for the three-state model. Surprisingly, the addition of cooperativity did not improve the three-state prediction and had little impact on the four-state model because the fit to the data was already excellent with that model (see Impact of cooperativity).
Time course of bound calcium. The purpose of the next analysis was to compare model predictions of the time course of bound calcium. The rationale for performing this analysis was that the results of previous experimental studies have suggested that calcium bound to the myofilaments returns to resting levels during the early stages of relaxation (34); this observation has contributed importantly to the notion that the calcium-free, force-generating state (i.e., the fourth state in Fig. 1 , gray area) is required for explaining the events occurring during twitches in cardiac muscle and that the three-state model could not account for this phenomenon. However, as shown in Fig. 3A , in contrast to previous assumptions, the time course of the bound calcium, normalized to its own peak value, is very similar for the three-and four-state models Both show that bound calcium declines and reaches diastolic levels during midrelaxation.
However, the difference between the models is revealed when force and bound calcium are plotted in absolute terms as shown in Fig.  3 , B and C, which indicate significant quantitative differences. First, peak bound-calcium concentration is almost three times greater for the three-state than for the four-state model (Fig. 3B) . A magnified view of the absolute bound-calcium concentration plotted along with predicted force (also shown in absolute terms) is shown in Fig. 3C . These graphs demonstrate that equal force is produced with much less bound calcium in the four-state model, suggesting a greater "calcium efficiency" of contraction. It is also significant in the four-state model that the bound calcium declines slightly below the force curve during late relaxation, indicating that there can be force generation without calcium binding, but this is only a small amount. In contrast, bound calcium never falls below force in the three-state model. Thus because bound calcium declines significantly before force declines in both models, this feature cannot be used to distinguish the two models. It is further pertinent to determine for the four-state model the relative contribution of the calcium-free strong actin-myosin-bound moiety to total force. The result of this analysis for the representative contraction is illustrated in Fig. 30 . As suggested in a previous theoretical study (7), the calcium-free, actin-myosin bond contributes very little to total force production, with a vast majority of force due to strong actin-myosin binding in the presence of calcium. However, the importance of the fourth state is revealed by the fact that the net flux through the dissociation constant for the four-state model (Ki) pathway is more than 2. Time course of force recovery after a muscle length impulse. One experimental approach to assessing the time course of bound calcium has been to measure the time course of force recovery after a rapid muscle length impulse (27) . With this approach, it is assumed that the length impulse uncouples strong actin-myosin bonds (pushing the system to states 1 or 2 of Fig. 1 Fig. 4A where the force tracings resulting from a normal contraction and simulated length impulses at various times after the onset of contraction are shown. These tracings bear a striking resemblance to those previously obtained experimentally in isolated cardiac muscle. The initial dFldt was determined for each curve (with many more time points investigated than shown in Fig. 4 ) and was then plotted as a function of the time of the length impulse; for comparison, these curves were superimposed on curves of their respective actual model-calculated boundcalcium and force tracings; all curves were normalized to their respective maximum values as shown in Fig.  4B . Although there were subtle quantitative differences, it is evident that both models behaved similarly: the time course of initial dF/dt from a length impulse rose rapidly after the onset of contraction, peaked during midcontraction, and declined in advance of relaxation. Furthermore, initial dFldt was closely related to instantaneous bound calcium in both models. Thus the rate of force recovery from length impulses imposed at different times during a contraction cannot be used to distinguish the two models. Equilibrium vs. twitch fOTW?-[CCZ2+]i relationships. The relationship between force and peak intracellular calcium differs significantly among normal twitches, slow twitches, and equilibrium conditions (35). To determine whether these characteristics could distinguish between the two models, normal twitch contractions with different peak [Ca2+]i values were simulated by scaling the calcium transient of Fig. 2 to have a peak value ranging between 0 and 10 PM. Slowed contractions, which simulate those measured experimentally after exposure of the myocardium to ryanodine, were simulated by expanding the time scale of the calcium transient in Fig. 2 and then varying its amplitude as in the first example. Finally, equilibrium contractions, which simulate tetanii, were simulated by setting [Ca2+]i to a steady level, which was varied after equilibrium conditions had been achieved. The results, shown in Fig. 5 , reveal a major difference between the two models. During each type of contraction, there was a typical sigmoidal relationship between force and [Ca2+];. For the three-state model, the normal and slowed twitch contractions deviated only slightly from the equilibrium relationship. In contrast, for the four-state model, normal twitches fell markedly below the equilibrium curve and slowed contractions fell between the two extremes. For example, with a [Ca2+]i value of 1 JLM (Fig. 5, vertical line) normal twitch force was slightly less than one-half of that achieved during equilibrium conditions, whereas slowed contractions achieve -60% of the equilibrium value. A previous experimental study (35) revealed behavior nearly identical to that of the four-state model. Thus these characteristics are major experimentally verifiable distinguishing features between the two models.
Impact of cooperativity. The analyses described in thus far were performed without any specific provisions incorporated to account for myofilament cooperativity. We therefore tested the impact of introducing varying amounts of cooperativity on the relationship between calcium and force generation during twitch contractions. Cooperativity was introduced as summarized in METHODS (Eq. 1). Analyses were performed with cooperativity introduced into & (myofilament calcium affinity) and K, (actin-myosin affinity) separately or with cooperativity introduced into both rate constants simultaneously; results were similar with all three types of analyses, and, therefore, only one will be presented. Of note was the fact that all other parameter values were maintained constant on moving from the simulation of one Hill coefficient to another. Another constraint imposed during this analysis was that the KFjo values were the same for both the three-and four-state models (0.5 PM). The results obtained with cooperativity simultaneously introduced into both K1 and K, are summarized in Fig. 6 . The resulting equilibrium force-[Ca2+]i curves, shown in Fig. 6A for the three-and four-state models, reveal that we were successful in modifying the steepness of the curves (Hill coefficients of 2,4, and 6) while maintaining the KS0 essentially constant. of both models is that with cooperativity incorporated in this manner, the force-[Ca2+]i curves are asymmetric around the KS0 point (steeper at low than at high [Ca2+]i values), a feature that has been noted in a previous experimental study (19) . The effect of varying degrees of cooperativity on the force transient (all with the same calcium transient of Fig. 2 ) is shown in Fig. 6B . Surprisingly, cooperativity had very little effect on the time course of force predicted from the common calcium transient. There were, however, slight differences in absolute peak force generation, which decreased as the Hill coefficient increased (data not shown).
Force-calcium relationships during twitches when calcium is measured with fura 2. Calcium transients measured with fura 2 and other fluorescent indicators differ from those measured with aequorin primarily in that the estimated free-calcium concentration decays much more slowly during diastole. Whereas fura 2 has a higher calcium binding affinity and is a more sensitive calcium indicator than aequorin at diastolic calcium concentrations, there is no general agreement as to which of these types of indicators provides the most accurate estimate of free-calcium concentration.
To determine whether such differences impact on the ability of the three-and four-state models to interrelate calcium and force, we analyzed a representative fura 2 calcium transient. As for the aequorin analysis, a fura 2-derived calcium transient was obtained by digitizing previously published data (2); this example is typical in that the calcium concentration remains elevated and decays slowly during diastole. As illustrated in Fig. 7 , the results of the analysis differed from those obtained with the aequorin transients in three important respects. First, in the absence of cooperativity, neither the three-nor four-state models provided good fits to the data. Second, the addition of cooperativity into' the Thus the analyses performed in Interrelating muscle force and calcium transient indicated that both the three-and four-state models can account for the relationship between calcium and force on normal twitches when calcium decays quickly during diastole as suggested by aequorin transients. In contrast, in the case where calcium remains elevated and decays more slowly during diastole (as with the fura 2 signal), only the four-state model with cooperativity is adequate to interrelate force and calcium on a normal steady-state twitch. With regard to equilibrium force-calcium relationships, which have not been noted to differ between aequorin and fura 2 measurements, only the four-state model with cooperativity could account for all of the phenomena examined.
Experimental Findings
Steady-state beats. LVP waves and aequorin luminescence transients were recorded during normal twitch contractions from 12 isolated isovolumically contracting rat hearts. The signal-to-noise ratio was decreased by signal averaging between 15 and 20 beats. Next, the three-and four-state noncooperative models were applied. A typical example is shown in Fig. 8 . Both models provided reasonable fits to the experimentally observed data, with the chief differences noted during relaxation where the four-state model provided a significantly better fit. Twitch contractions examined from other hearts were similar. The addition of cooperativity did not significantly affect the closeness of the fits, consistent with the findings above (Fig. 6) . Mean (+SD) parameter values required to achieve best fits with the different models are also summarized in Table 2 . As shown, the standard deviations are relatively large compared with the mean values for several of the parameters. This is due to the high degree of interdependence among the parameter values. To provide a quantitative index of the comparison of the different models, DRMs was determined with optimal parameter values. As summarized in Table 2 , there was little difference in DRMs values among the various models; thus despite the consistent finding that the three-state model did not fit the late portion of relaxation, DRMs values were not sensitive to this.
Arrhythmias. Spontaneous arrhythmias were chosen from segments of recorded tracings in the rat hearts. The aequorin tracing was converted into a calcium transient and then median filtered (unlike normal twitch contractions, signal averaging could not be used because each beat differed from the next). Contraction sequences were analyzed with the parameter search routine to optimize the fit between the experimentally observed and the model-predicted pressure transients. Representative results, obtained with cooperativity included in both models, are shown in Fig. 9 . The low-pass filtered calcium transient during arrhythmia is shown in Fig. 9A . Similar to the findings obtained with steady-state contractions, the three-and fourstate models provided similar fits to the measured pressure waveforms, with the four-state model providing better fits during late relaxation. Furthermore, the inclusion of cooperativity did not significantly affect the shape of the pressure waveform (consistent with find- ings reported above). Accordingly, DRMs values obtained for these complex contraction sequences did not vary significantly among the different models, as shown in Table 3 . Best values for rate-constant values of the various models are also summarized in Table 3 . Four additional examples, shown in Fig. 10 , show the relatively good fit afforded by the four-state cooperative model during complex arrhythmic contraction sequences. It is noteworthy that the fits to the data are as good as they are considering the fact that the calcium transients are obtained from filtered (and not signalaveraged) macroinjected aequorin luminescence. Onset of tetanic contracture. Next, consideration was given to the unique, complex pressure and calcium waveforms observed during the induction of tetanus in intact ferret hearts. The pressure waveform during rapid (10 Hz) pacing after exposure to ryanodine features a steady rise in pressure, culminating in a plateau with oscillations. Figure 11 shows a representative example. Figure 11A shows the median filtered calcium transient. Figure 11B shows the normalized measured pressure and the predicted force based on the indicated model configuration. The four-state model with cooperativity provides an excellent prediction of the force curve during the preceding steady-state beats, the ascent in pressure, and the plateau where there were significant pressure oscillations. Note that, in contrast to the results obtained with normal and arrhythmic contractions, there was a substantial difference between the models and that the inclusion of cooperativity significantly affected the pressure waveform. For these contractions, there was a clear difference between the models, with the four-state cooperative model providing a significantly better fit to the data. Quantitative results (DRMs values summarized in Table 4 ) substantiate this observation by showing that the DRMs values obtained with the four-state models were significantly better than those obtained with the three-state models. Results from an additional four examples, shown in Fig. 12 , confirm the ability of the four-state cooperative model to predict these complex pressure waveforms from the measured calcium transients. The parameter values required to achieve the best fits are also summarized in Table 4 . As for the other types of contractions, the parameter values differed significantly among the different models and standard deviations about the means were relatively large, as noted above, because of the interdependence among the parameter values.
To explore the physiological meaning of the different parameter values, we calculated the KS0 values and Hill coefficients resulting from the best-fit rate constants for each of the models. The results are summarized in Table 5 . It is interesting to note that the values of these two parameters obtained for the four-state cooperative model (-0.4 PM and -4, respectively) are similar to those measured previously in these ferret hearts (32). In contrast, values of these parameters obtained for the other models differed significantly from those obtained with the four-state cooperative model.
DISCUSSION
In an attempt to evolve from phenomenological descriptions (2%30), investigators (7, 9, 17, 23) have turned toward more mechanistic theories of cardiac muscle contraction to explain ventricular pump properties. Whereas previous efforts in this regard (7, 9, 17, 23) have been limited to theoretical analyses, the present effort represents an initial attempt to quantitatively bridge theoretical and experimental aspects of this fundamental problem. (Tables 2 and 3) , it was evident in every case that the four-state model always provided a significantly better fit during the diastolic portion of pressure and force tracings; DRMs, which examines the entire beat, was an insensitive measure of this specific phase of the contraction. Although several earlier studies advocated the necessity of the four-state model in explaining cardiac physiology (27,34), two of the primary attributes assigned to the fourth state, which had been assumed to render it required over the three-state model, were not substantiated by the present analysis. The first relates to the fact that when measured with aequorin, intracellular free-calcium concentration falls to diastolic levels before force returns to diastolic levels (as in Fig. 2 ) (33, 34). Accordingly, it was hypothesized previously that there must be a substantial amount of calcium-free force-generating units during the latter half of contraction. However, several aspects of the present analysis suggest that peak [Tn l A-M] values are small compared with the total number of strong bonds formed during a contraction (Fig. 30) . Thus instead of making a significant contribution to force production, the results of the present study suggest that one important role of the fourth state in the model is to allow contraction kinetics (rate of cross-bridge formation) to be described predominantly by one set of rate constants (&, 1(3, K,, and &) and relaxation kinetics (rate of cross-bridge uncoupling) to be described primarily by a separate set of constants (&, &, and Ki) . This assertion is based on the fact that although peak instantaneous concentrations of [Tn *A-M] are low, the net flux through the K& pathway is far greater than the flux through the & pathway when optimal rate-constant values are used. The underlying reason may relate to a much greater Table 5 . KSO, and Hill coeficient values from best-fit rate constants to tetanii data
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The second attribute of the four-state model, which was assumed to differ significantly from the three-state model, relates to the time course of bound calcium. It has been assumed that although the four-state model predicts that bound calcium will fall significantly quicker than force, the three-state model would predict a bound-calcium time course that more closely tracks force. This was also shown not to be the case because when expressed in relative terms [as in a previous experimental study (27)], both models predicted similar behavior (Fig. 3) . Although substantial differences between the absolute amounts of bound calcium are predicted between the three-and four-state models (Figs. 3, B and C To probe the time course of bound calcium, investigators (27) have used indirect techniques such as initial dFldt from variously timed rapid length impulses. The present analysis suggested that there was a very close association between bound calcium and initial dFldt predicted by both models and that the time course of initial dFldt, when expressed in normalized terms, was also similar between the two models. Thus these features, also previously assumed to differ between the two models, could not be employed as a differentiating P 1 reature.
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Thus in view of the facts that 1) neither of the two previously assumed major advantages of the four-state model over the three-state model appeared to differentiate the models, 2) both models provided excellent fits to various types of twitch contractions with aequorinestimated calcium transients, and 3) previous findings (31) showed the three-state model to be sufficient in skeletal muscle, it became ever more pertinent to explore as broad a range of physiological characteristics as possible to compare the two models.
Several major experimentally verifiable differentiating characteristics between the models were identified. The first of these was identified in the theoretical portion of the study in which peak force-[Ca2+]i relationships were explored (Fig. 5) . It has been shown experimentally that for a given peak [Ca2+]i, force on a normal twitch is significantly less than force during a tetanic contraction and that force on a slowed contraction (achieved by ryanodine exposure) falls between these two extremes (35). The difference between these various contractions is the degree to which equilibrium conditions are approached; tetanic contractions theoretically reach equilibrium and normal twitches are far from equilibrium, whereas slowed contractions fall in between. The four-state model behavior closely paralleled experimental findings, whereas the three-state model predicted very little difference in force production between the three types of contractions.
A second differentiating feature was revealed in the analysis of tetanic contractions, which also revealed the importance of cooperativity.
Because tetanic contractions more closely approximate equilibrium conditions, it is not surprising that cooperativity was important in describing these types of contractions. Even without cooperativity, the four-state model provided a better fit to tetanic contractions, although none of the fine details of the pressure waveform were reproduced in that case (Fig. 11) . Just as for the fura 2 example of a normal twitch contraction, cooperativity did not substantially improve the three-state predictions, whereas the fourstate cooperative model was able to account for tremendous details of the pressure waveform.
As illustrated particularly in the example of Fig. 11 , rapid cardiac pacing after exposure to ryanodine caused discrete calcium transients that were of large magnitude and easily detected by the macroinjected aequorin. Along with these calcium releases were synchronized oscillations in the pressure wave, as noted previously during rapid stimulation of isolated cardiac muscles exposed to ryanodine (35). It was remarkable that the four-state model with cooperativity could fairly accurately fit these oscillations not only during the plateau of the tetanii but also during the rising phase of pressure immediately after the initiation of rapid pacing. Furthermore, the four-state cooperative model was able to fit these details of the pressure wave during the tetanii and simultaneously provide a good fit to the preceding steady-state contractions, a feature that was not possible for any of the other models.
Limitations.
There are several potential limitations of the present study that should be considered.
The experimental aspects of this study focused on measurements made in intact hearts, not in a simpler system such as isolated muscles. However, there are two principal reasons that justify this choice. First, there is increasing evidence, particularly under isovolumic conditions, that the complex geometry, architecture, and activation sequence of the intact heart do not distort the global expression of muscle properties (8, 32) . There is also evidence that there is relatively little inhomogeneity in muscle contractile properties throughout the myocardium (8). Thus it can generally be concluded that isovolumic pressure waves are simply scaled versions of the isometric force waves experienced by the average muscle (8). On the other hand, it must be acknowledged that small regional differences in the calcium transient have been identified from apex to base (24), so there is a possibility that the calcium transients measured from the inferoapical epicardium, as in the present study, may not be representative of the true "average" calcium transient in all muscles throughout the LV Second, as noted above, significant efforts are underway to explain whole heart function under physiological and pathophysiological conditions in terms of basic theories of cardiac muscle contraction. By performing studies in intact hearts, the results of the present study represent another step toward this ultimate goal.
Another potential limitation relates to the fact that our studies rely on macroinjected aequorin to estimate calcium transients.
It is well recognized that freecalcium transients measured with aequorin and fluorescent indicators differ as detailed above, particularly during relaxation.
However, it has not been generally resolved which of the two types of indicators provide the more accurate assessment of intracellular calcium. We have focused our attention on the aequorin transients because our experimental work has moved toward measuring calcium transients under more intact, physiological conditions such as blood-perfused canine hearts. We have found that macroinjected aequorin can be used in these settings. Although fluorescent indicators have been used in small-crystalloid-perfused hearts (24), it remains to be tested whether they could be used in blood-perfused hearts of larger animals. Nevertheless, it was appropriate to question how the fura Z-derived transients behave in the biochemical models we explored. As detailed above, although there were some differences in the behavior of the models with this type of transient, the ultimate conclusions were the same.
In summary, taken as a whole, the results of the theoretical and experimental aspects of this study provide considerable support for the notion that only the four-state cooperative model can appropriately account for the very wide range of physiological phenomena observed in cardiac muscle and the intact heart. Although the three-state model can be used to simply predict the pressure or force curves from the calcium transient measured with aequorin during normal twitch contractions, this is at the expense of failing to be able to explain the diastolic portion of the curves, to simulta-
